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Abstract

Sepsis is a life-threatening condition that occurs when the body’s normal response to an infection is out of balance.
A key part of managing sepsis involves the administration of intravenous fluids and vasopressors. In this work, we
explore the application of G-Net, a deep sequential modeling framework for g-computation, to predict outcomes
under counterfactual fluid treatment strategies in a real-world cohort of sepsis patients. Utilizing observational data
collected from the intensive care unit (ICU), we evaluate the performance of multiple deep learning implementations
of G-Net and compare their predictive performance with linear models in forecasting patient outcomes and trajectories
over time under the observational treatment regime. We then demonstrate that G-Net can generate counterfactual
prediction of covariate trajectories that align with clinical expectations across various fluid limiting regimes. Our
study demonstrates the potential clinical utility of G-Net in predicting counterfactual treatment outcomes, aiding
clinicians in informed decision-making for sepsis patients in the ICU.

1 Introduction

Under real-world conditions, we can only observe one set of outcomes: that is, outcomes which occurred under the
observational regime. However, often we might wonder what might have happened had a different course of action
been followed. This is particularly important for clinicians who may have to choose between multiple treatment
options for their patients but do not have the ability to test every strategy before making a decision.

Sepsis patients, who frequently display heterogeneous responses to similar therapies, may particularly benefit from
clinicians being able to predict the effects of different intervention strategies prior to administration. This task is
known as counterfactual prediction, in which the goal is to estimate the trajectories of potential outcomes under
different interventions given previous observed covariate history [1, 2].

In this study, we apply G-Net [3], a deep learning approach to g-computation, to predict the outcomes of alternative
fluid resuscitation treatment regimes on sepsis patients in the intensive care unit (ICU). G-computation [1] is a causal
inference method for estimating expected counterfactual outcomes under dynamic, time-varying treatment strategies.
Our work builds on [3] by exploring different implementations to G-Net and adapting the model to make predictions
on real-world observational data from the MIMIC database [4].

We investigate G-Net’s predictive performance when varying-length of a patient’s history was used as input to the
model in predicting future outcomes under observational treatment regimes. We compare the performance of deep
learning models with traditional linear models, the latter of which has conventionally been utilized in g-computation
[5, 6]. We then employ G-Net to forecast treatment responses in sepsis patients under different fluid-limiting strategies,
incorporating varied caps on total volume of fluid boluses administered during the initial 24 hours in the ICU. Our
fluids-limiting strategies were inspired by [7] and the recently conducted randomized controlled trial, Crystalloid
Liberal or Vasopressors Early Resuscitation in Sepsis (CLOVERS) [8], a randomized clinical trial studying outcomes
of restrictive vs. liberal fluid management strategies in sepsis patients. Finally, we present an individual case study
from the MIMIC-1V database [4] to illustrate the potential use of G-Net for personalized treatment response prediction
at the individual patient level.

2 Related Work

Due to their ability to handle complex time dependencies between variables, there has been great interest in applying
recurrent neural networks (RNNs) to the problem of estimating time-varying treatment effects. Lim et al. explored the
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use of RNNs in implementing marginal structural models (so-called recurrent MSMs) for counterfactual predictions
and demonstrated that their model outperformed linear baselines and traditional MSM approaches [9]. Recent research
have also looked at predicting outcomes under counterfactual strategies given data under the observational regime
[10, 11, 12, 13]. Bica et al. [13] introduced the Counterfactual Recurrent Network (CRN) which applies domain
adversarial training to build treatment-invariant representations for estimating effects of counterfactual interventions.

Although these techniques show promise in estimating treatment effects, they are restricted to either learning point
exposures and/or making outcome predictions for time-varying treatment strategies that are static, where treatment
decisions do not depend on covariate history. In contrast, we are interested in predictions for dynamic regimes, where
treatment decisions depend on time-varying covariates. G-computation relies on different modeling assumptions than
MSMs, and can handle high dimensional health history in particular. It is also able to estimate the distribution of coun-
terfactual outcomes under a time-varying treatment strategy, which is not as straightforward to do with MSMs. The
g-computation algorithm [2] learns observational covariate distributions conditioned on past history. While previous
studies have mostly relied on generalized linear models (GLMs) for this task [5, 6], there is no conceptual barrier to
substituting these models with more complex ones. Prior works have investigated implementations of counterfactual
predictions using Gaussian processes [14, 15] and Transformers [16], but did not focus on applications to dynamic and
time-varying treatment settings using real-world data. Recent work by [17] presented an alternating sequential model
that used Transformers for clinical outcome prediction, but their work did not support counterfactual prediction.

Research by [3] developed G-Net, a flexible sequential deep learning framework for g-computation, to estimate the
conditional distribution of covariates given patient history under dynamic, time-varying treatment strategies; however,
[3] only evaluated G-Net on synthetic datasets. Our study extends upon our prior work by modifying G-Net for
counterfactual sepsis treatment outcome prediction using a real-world dataset. Specifically, we experiment with a
different architectural design and test different model implementations to simulate the distributions of multivariate
covariates.

3 Methods

We adapted the G-Net framework introduced by [3] to model real-world data from the MIMIC database [4]. We train
and evaluate our models to assess their predictive performance under the observational treatment regime. We then
applied the learned models in predicting patient trajectories and outcomes under different counterfactual treatment
strategies in sepsis patients.

Dataset The data employed in this work was extracted from the Medical Information Mart for Intensive Care IV
database (MIMIC-IV v1.0), containing medical records from more than 523,500 hospital admissions and 76,500 ICU
stays at the Beth Israel Deaconess Medical Center (BIDMC) between 2008 and 2019 [4]. Our cohort was limited to
ICU stays in which the patient was identified as septic under the Third International Consensus Definitions for Sepsis
and Septic Shock (Sepsis-3) [18]. Patients with missing records of pre-ICU fluids or admitted to the ICU following
cardiac, vascular, or trauma surgery were removed. The final dataset consisted of 8,721 ICU stays, each associated
with a distinct patient.

As predictors to our model, we included 45 physiological and clinical time-varying covariates that are typically moni-
tored in the ICU and important for determining sepsis intervention strategies, including potential confounders. Patient
demographics, co-morbidities and pre-ICU fluid bolus volumes were included as static variables in our model. Our
treatment variable was fluid bolus volume, where we define a bolus as fluid administered at a rate of 250mL/hr or
greater [4]. To avoid possible confounding, all other fluids documented for a patient were treated as “maintenance
fluids”. The outcomes of interest in our study were fluid overload, which was assessed by identifying events com-
monly associated with the condition, including administration of diuretics, onset of dialysis, initiation of mechanical
ventilation, and chest X-ray findings of pulmonary edema.

Model In our study, we aimed to estimate outcomes under dynamic, time-varying counterfactual treatment strategies
given observed patient histories with high-dimensional histories. Time-varying describes treatments that comprise
decisions at multiple time points while dynamic indicates that the intervention at each time point is dependent on the
history up to that time point. G-computation [2] is an algorithm that is particularly well-suited to this task.



Given data under the observational regime, g-computation (1) estimates the conditional distribution of relevant covari-
ates given covariate and treatment history at each time point, then (2) produces Monte Carlo estimates of counterfactual
outcomes by simulating forward patient trajectories under treatment strategies of interest [2, 1]. The G-Net framework
[3] enables the use of sequential deep learning models to estimate conditional covariate distributions in step (1), which
can then be used to predict covariate trajectories in step (2). We refer readers to [3] for a detailed description of the
G-Net framework and the assumptions required for g-computation.

In this study, we implemented a G-Net architecture in which each time-varying covariate is trained and optimized
separately using an individual deep sequential model when learning covariate distribution. More generally, when
learning covariate distributions, one can separately model multivariate covariates into p disjoint groups or components,
where each group is just a potentially multivariate subset of the covariate vector that is jointly modeled in the same
model in our architecture. When p = 1, one models all covariates simultaneously and directly approximate the joint
covariate distribution. On the other hand, by setting p > 1, we can model groups of covariates separately. This may be
desirable if covariates have different distribution types, as in the case of mixing continuous and categorical variables,
rendering it difficult to sample from their joint distribution. In [3], we implemented G-Net where p = 2, with one
deep model for continuous variables, and another one to model the categorical variables. In training separate models
for different covariates, we aim to improve performance in modeling conditional distribution for covariates.

We compare 4 variants of G-Net: one in which all variables are modeled using GLMs, basic recurrent neural net-
work (RNN), RNNs using gated recurrent units (GRU), and long short-term memory (LSTM) networks. We tested
a variety of recurrent architectures to emulate conditioning on patient history, since a feature of our chosen recurrent
architectures is their use of a hidden state to store memory. The GLM model was used as a baseline for comparison.

Model Training We divided our sepsis cohort into training, validation, and testing sets using an 80-10-10 split,
respectively, and trained each of the four variants of G-Net on a one-step-ahead prediction task. The model with the
highest validation performance was used for later experiments. The goal of training was to approximate the distribution
for each covariate so that we could use the model to simulate forward those covariate distributions during testing.

Clinical Outcome Prediction Oftentimes, the effects of treatment are not immediate and only appear after 2 or
3 days after administration. Because of this, we elected to assess clinical outcomes occurring within 72 hours of
ICU admission for patients who did not experience outcomes in the first 24 hours. For each outcome of interest,
we implemented a binary classifier, modeled using LSTMs, to predict whether the patient would experience that
outcome within 72 hours of ICU admission, conditioned on the patient’s 24-hour covariate trajectories. There were six
outcomes of interest: diagnosis of pulmonary edema, on mechanical ventilator, dialysis, administration of diuretics,
ICU release, and in-hospital mortality. We impose an arbitrary ordering for predicting the 72-hour outcomes such that
we also condition on the predictions for outcomes 0 to j — 1 when predicting outcome j. However the output of our
classifier will be a continuous value in the range [0, 1]. We thus threshold our predictions to obtain binary values to
serve as input to the next classifier. Specifically, we use a threshold found via the validation dataset by picking the
optimal threshold on the validation ROC curve.

The same training, validation, and testing splits that were used to train the different G-Net models were used to train
the 72-hour outcome classifiers, with the exception of patients who already experienced the outcome of interest in the
first 24 hours. The outcome ground-truth labels were extracted by looking for documentation of the outcome in each
patient’s 72-hour ICU data. The ground truth 24-hour covariate trajectories from the training set were used as inputs
to train our 72-hour outcome prediction models. During testing, we input the simulated trajectories from 100 Monte
Carlo simulations for each test set patient to generate a predicted probability for the target outcome of interest.

Experiments We first evaluated our models’ performance via predictive check, in which we performed Monte Carlo
simulations and simulated forward patient covariate trajectories in the test set under the observational regime and
compared the simulated trajectories (averaged across 100 Monte Carlo simulations per patient) to ground-truth data.
During testing, we experimented with different simulation start times post-ICU admission, denoted k. When simulat-
ing with a start time k, we fed the first £ — 1 timesteps of a test patient’s ground-truth trajectory (including treatments)
into G-Net before initiating the feed-forward simulation process at timestep k. This represents the scenario in which
a clinician who has been observing a patient for some time in the ICU would like to predict what will happen next,



conditioned on the patient’s first £ — 1 timesteps in the ICU.

To predict clinical outcomes within 72 hours of ICU admission, we fed the predicted 24-hour covariate trajectories
as input to individual outcome classification models. We interpreted the output of each classifier as the probability
that the patient would experience the outcome within 72 hours of ICU admission. The final predicted probability of
a patient experiencing the outcome was the average of the predicted probabilities across all Monte Carlo-simulated
trajectories for that patient.

Following the predictive check, we assessed our model in performing counterfactual prediction. The feed-forward
simulation strategy was similar to that used in the predictive check. However, the treatments at each time step are
administered based on the treatment rules as defined by the counterfactual regime, conditioned on the patient covariate
and treatment history.

Predictive Check Evaluation We use root mean square error (RMSE) to quantify differences between predicted
and observed trajectories across time intervals (up to 24 hours) of individual patients. For each patient, the predicted
trajectory is the average of 100 Monte Carlo simulations from G-Net conditioned on the observed history of the patient
up until time (k-1).

To accommodate the variability in patient trajectory lengths due to mortality or discharge, and to address potential over-
or under-predictions in trajectory length compared to ground truth, we propose the following approach for calculating
individual-level RMSE. First, for patients who died within the first 24 hours, we replace all subsequent time steps of
continuous variables with zero (normalized) until the 24th hour. Covariates with potential negative values are filled
with the normalized minimum value in the dataset, while covariates following a log-normal distribution are filled with
a normalized logarithmic zero. Second, for patients who were released from the hospital before the end of the first
24 hours in the ICUs, we fill all time steps following hospital release with the population-mean for all continuous
variables (up until hour 24). Third, we do the same for the predicted chains (after the predicted death and release
outcomes during the first 24 hours) so that all chains have lengths of 24-hours. We then compute the average RMSE
across all patients by comparing the predicted trajectory (averaged across 100 Monte Carlo simulations per patient)
and the ground-truth trajectory of each patient across all continuous variables.

Following comparisons of 24-hour trajectories between predicted and ground-truth, we compared 24-hour and 72-
hour outcomes. We primarily focused on area under the receiver operating characteristic (ROC) curve (AUC) as a
measure of outcome prediction performance. Confidence intervals around AUCs are generated based on techniques
described in [19]. To generate a probability for the 24-hour window, we first derived a binary label for each Monte
Carlo simulation based on whether the outcome is predicted to have occurred: 1 if outcome of interest was predicted
to occur between hour k to 24, and 0 otherwise. We then used the average across the Monte Carlo simulations per
patient as the predicted probability for that patient. We determined the ground truth in the same manner by looking for
the presence of the outcome of interest in the ground-truth trajectory.

To generate the final predicted 72 hour probability for a patient, for each Monte Carlo simulation, we label a trajectory
with probability 1 if the patient experienced the outcome in the first 24 hours, probability O if the patient ended their
stay in the first 24 hours without experiencing the outcome, or otherwise feed the trajectory into our binary classifier to
find a predicted probability. Then we take the average across the simulations to get a final predicted probability, which
was then compared against the ground-truth label of if the patient experienced the outcome in the first 72 hours. For
both the 24 hour and 72 hour evaluations, we excluded a patient from the calculations if the patient had ended their
stay from time steps O to k — 1 because we would have already seen the final outcomes that the patient experienced.
For the 72-hour evaluations, we additionally excluded patients who any of the outcomes of interest during timestep 1
to k — 1, who would be out of distribution from our training set.

Counterfactual Experiments We adapted our counterfactual (CF) strategies from established clinical trials studying
the early treatment of sepsis. More specifically, our CF strategies were inspired by the Crystalloid Liberal or Vasopres-
sors Early Resuscitation in Sepsis (CLOVERS) clinical trial [8]. In our CF strategy, for a patient with blood pressure
below 65mmHg at time ¢, a 1L bolus was administered if the total volume of fluids (including both treatment and
maintenance) they received up until that time point did not exceed X liters and if they did not exhibit any signs of fluid
overload (as indicated by the presence of pulmonary edema based on chest x-ray radiology reports). Our fluids con-



Characteristic \ n Outcome | 24hr 72 hr/hosp

Number of ICU stays 8,721 Pulmonary Edema (%) 32.85 44.36
Age, mean (std) 65.31 (17.33) Mechanical Ventilation (%) | 42.46 45.08
Pre-ICU Fluids, mean (std) | 2.87 L (1.99L) Diuretics (%) 15.46 27.19

Gender (% Male) 56.30% Dialysis (%) 2.56 4.55
Race — white 66.40% Release (%) 11.49 86.00*
Race — black 8.78% In-Hospital Mortality (%) 1.83 14.00%*

Race — other 24.81%

Table 2: Proportion of population that experi-

Table 1: Statistics describing our entire Sepsis-3 ences each outcome within 24 hours of ICU ad-
cohort, including age, gender, and race. . mission and 72 hours of ICU admission respec-

tively. * Release and mortality refer to hospital
discharge and mortality respectively.

servative CF strategies focus on fluids bolus administration. Maintenance fluids were withheld for fluids-conservative
strategies. For all CF strategies, vasopressor administration was modeled as a confounding variable, and not explicitly
controlled as part of our CF strategies. In our investigations, we experimented with imposing a fluid cap of 3L and
5L as fluid conservative strategies. We also experiment with a fluid CF strategy with no fluid cap to represent a fluid
liberal strategy.

Individual case study We chose to investigate individuals in our test set who suffered from a history of congestive
heart failure (CHF), a condition known to present challenges in sepsis fluids administration, as over-administration of
fluids can worsen their condition, and lead to adverse outcomes such as pulmonary edema. We modelled the effects of
a fluid liberal counterfactual strategy compared to a fluid conservative strategy.

4 Results

Cohort Statistics Our sepsis cohort consisted of 8,721 total patients which we further split into 6,972 patients, 872
patients, and 873 patients for the training, validation, and test data respectively. To get a better understanding of our
cohort of interest, Table 1 presents our cohort summary statistics, including the demographics, Additionally, due to
our interest in fluid strategies, we also present statistics on our cohort’s pre-ICU fluids. Table 2 presents the proportion
of the population who experienced outcomes of interest in the first 24 hours and first 72 hours post-ICU admission.
We note that the hospital mortality and release (in the 72-hr/hosp column) refers to death and release in the hospital,
and not restricting to the first 72-hours in the ICUs. We notice that the proportions of the population are similar to
those of the test set, which will be presented later in the paper, indicating that our test set is fairly representative of the
population.

Predictive Checks In the predictive check, we simulated forward covariate trajectories up to 24 timesteps under the
observational regime, conditioned on the past &k — 1 timesteps of treatment post-ICU admission, and compared the
predicted trajectories against ground-truth trajectories in Table 3. We then fed the predicted trajectories into separate
outcome classifier models to predict in-hospital mortality and other outcomes related to fluid overload occurring in the
first 72 hours post-ICU admission. We evaluated our models’ performance in predicting outcomes by comparing the
predicted outcomes against the ground-truth outcomes under the observational regime. Finally, we used our models to
simulate counterfactual trajectories, which we fed into the outcome classifiers. Due to lack of ground-truth outcomes
under counterfactual regimes, we performed a qualitative analysis of the counterfactual predictions.

Predictive Check: Individual-Level Trajectories We see that the RMSE in predicted 24-hour patient trajectories
is relatively stable across different values of & (Table 3) while predicted 24-hour clinical outcomes of interest tend to
be more accurate as the value of k increases (Table 4). G-Net models implemented using RNN architectures (LSTM,
GRU, and basic RNN units) generally outperform those implemented using GLMs. The LSTM implementation had
the best overall performance.



Table 3: Predictive check on continuous variables. Performance of various G-Net architectures in predicting 24-hour
patient covariate trajectories, starting at time £ conditioned on covariates from the previous k£ — 1 timesteps of post-
ICU admission. k ranges from 2 to 12 hours after ICU admission. Values reported represent the RMSE of continuous
covariates between the predicted and ground-truth trajectories. To account for mismatch in trajectory length due to
over- and under-prediction of death and release time, for both predicted and actual trajectories, depending on nature of
covariates, post-death timesteps are padded with one of the following values: normalized zero, normalized minimum
value in dataset, or normalized logarithmic zero. The post-release timesteps are consistently padded with normalized
population mean.

Model [ k=2 k=4 k=6 k=8 k=10 k=12
Linear | 5949 6232 6.792 6570 6.584 7.084
GRU | 5663 6226 6211 6373 6699 6.447
RNN | 5842 6226 6.053 6223 6490 6.800
LSTM | 5.864 6286 5921 5765 6439 6456
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Figure 1: Comparison of simulated and ground-truth population-level trajectories for selected covariates in the predictive check
experiments under different versions of G-Net.

Predictive Check: Population-Level Trajectories We present trajectories of selected covariates simulated with
k = 2 in Figure 1. For each covariate, we show the population average of the predicted trajectories from the test
set, with 100 Monte Carlo simulations per patient. Note that the number of trajectories contributing to the average
could decrease over time due to death or discharge in the simulated trajectories. We found that the population-level
predictions made by the different G-Net models aligned relatively closely with the ground-truth trajectories. We see

Table 4: Predictive Check. Performance of G-Net in predicting clinical outcomes within the first 24 hours of ICU
admission at varying simulation start times. Values reported are AUCs and 95% confidence intervals. k = hours since
ICU admission.

Model k | Pulmonary Edema MV Diuretics Dialysis
Cohort Statistics (873, 30.24%) (873,38.72%) (873, 15.35%) (873, 1.95%)
Linear 2 0.85 ©s2.088 0.89 (©s7.092) 0.74 ©069.079 0.78 ©s67.090
GRU 2 0.86 (053,089 0.91 (55,093 0.77 ©073.082 0.88 ©019.098
RNN 2 0.85 os2.088) 0.91 (059,093 0.75 00,08 0.93 (6,100
LSTM 2 0.86 (034,089 0.90 (8,092 0.82 077,036 0.92 034,100
Linear 6 0.89 ss.091) 0.93 (91,095 0.72 wss.0mm) 0.87 ©s.097m
GRU 6 0.90 057,09 0.94 (©0.92.096) 0.82 78,087 0.92 5,100
RNN 6 0.88 (6,091 0.94 ©.92.096) 0.78 074,083 0.96 0.9, 1.00
LSTM 6 0.89 057,092 0.95 094,097 0.81 76,036 0.95 89,100
Linear 8 0.91 (00,099 0.93 (91,095 0.73 ss.079 0.97 ©91.1.00
GRU 8 0.89 57,09 0.95 (093,097 0.79 ©74,089) 0.92 83,100
RNN 8 0.91 (05,093 0.95 093,09 0.78 072,083 0.98 (.93, 1.00
LSTM 8 0.91 (038,093 0.96 (094,097 0.80 (75,035 0.90 (©s2.099)




that as time progresses, the predicted population-level trajectories tend to deviate further from the ground truth.This is
expected and can be attributed to compounding error for longer sequences.

Predictive Check: 72-Hour Outcomes Results in Table 5 show AUCs (and 95% CI) from using an LSTM to classify
target clinical outcome of interest using the predicted 24-hour simulation trajectories generated by various models of
G-Net (including Linear, GRU, basic RNN, and LSTM) under observational treatment regime. We find that G-Net
models implemented using RNN-based architectures, especially LSTMs, tend to perform better than using linear
models, particularly in predicting outcomes related to fluid overload within 72 hours of ICU stays.

Table 5: Performance of G-Net in predicting clinical outcomes within the first 72 hours of ICU admission at varying
simulation start times. Values reported are AUCs and 95% confidence intervals.

Model k | Pulmonary Edema MV Diuretics Dialysis
Cohort Statistics (873, 43.64%) (873,44.90%) (873,27.38%) (873, 4.70%)
Linear 6 0.67 ©e2.07) 0.71 05407 0.67 062,07 0.87 0,095
GRU 6 0.68 (0.63.073 0.67 050,074 0.71 6,075 0.89 52,096
RNN 6 0.65 (0.60, 0.70) 0.71 (0.64,0.78) 070 (0.65,0.74) 090 (0.83,0.97)
LSTM 6 0.67 (0.62,0.72) 0.71 (0.64,0.77) 0.72 (0.68, 0.76) 0-91 (0.84,0.98)
Linear 8 0.69 064,079 0.65 ©s8.072) 0.67 062,07 0.90 3,097
GRU 8 0.67 (0.62,0.72) 0.72 (0.65,0.79) 0.7 1 (0.66, 0.76) 0.9 1 (0.84,0.98)
RNN 8 0.67 (0.62,0.72) 0.72 (0.65,0.79) 068 (0.63,0.73) 090 (0.83,0.98)
LSTM 8 0.69 (0.64,0.74) 0.73 (0.66, 0.8) 0.72 (0.67,0.77) 0-92 (0.86,0.99)

Counterfactual Population Trajectories We used the LSTM version of G-Net to simulate covariate trajectories
for patients in the testing set under two conservative fluids strategies (with 3L and 5L fluid cap) and a fluid liberal
strategy (with no cap). Select covariates are presented in Figure 2, allowing for comparison of the three counterfactual
regimes. Population-level average trajectories for the test set shown (N=873). Counterfactual strategies are applied
starting at time 1, conditioned on observations up until the first hour in the ICU. For the population-level trajectory
plots, we perform 5 Monte Carlo simulations per patient. Values plotted are averaged across simulated trajectories for
all test patients. Our aim is to assess whether G-Net can make counterfactual predictions that are aligning with both
physiological and clinical expectations. The trends depicted in Figure 2 align with clinical expectations: under fluid
liberal strategies, the bolus volume, urine output, and blood pressure exhibit higher values, following the expected
trends. This observation is in agreement with our expectations at a population level. Additionally, the lower lactate
levels observed under the fluid liberal regime are in line with what one would predict. Conversely, the higher creatinine
levels noted under the fluids conservative regime align with expected outcomes.

Readers should exercise caution when interpreting these plots in Figure 2 as indicators of treatment effects. Simulated
trajectories might terminate prematurely within the 24-hour period due to events such as death or discharge. Conse-
quently, the number of patients (or trajectories) contributing to the average may not remain constant throughout the
entire 24-hour period.

Individual Patient Counterfactual Prediction In this section, we present the results of applying the G-Net LSTM
model, the overall superior performer during our observational checks, to the task of counterfactual predictions for
an individual patient from our test set. The patient is a 75 year old female with a history of congestive heart failure
(CHF), admitted to MICU/SICU with 4L of pre-ICU fluids. Within 4 hours after ICU admission, patient had developed
a hypotensive episode (with mean arterial blood pressure < 60mmHg), and received an additional fluids bolus (1L)
in the ICU. The counterfactual strategies were applied starting at the end of hour 5 after ICU admission. In Figure
3, we highlight the contrast in predicted counterfactual outcomes under a fluid liberal regime (green) compared to a
fluid conservative regime (blue), which imposes a cap of 5L in total volume (pre-ICU and in-ICU) in fluid bolus ad-
ministration. Additionally, we show the predicted trajectory of the patient under the observational regime (magenta),
where fluid boluses were administered based on G-Net’s prediction conditioned on the patient’s history. We perform
100 Monte Carlo simulations under each fluid resuscitation strategy. Figure 3 shows that there was more bolus ad-
ministered to the patient under the fluid liberal strategy (green) compared to fluid conservative strategy (blue). Under
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Figure 2: Population-level trajectories under counterfactual fluids strategies. G-Net prediction for selected covariates under various
counterfactual fluids strategies, including two fluids limiting strategies with 3L (blue) and 5L (purple) fluids cap, and a fluids liberal
(green) strategy without fluid cap.

the fluid liberal strategy, the fluid balance of the patient progressively increases over time and diverges further from
that of the conservative fluid regime. This is accompanied by a rising probability of the patient requiring mechanical
ventilation, indicative of a potential fluid overload compared to the more conservative approach.
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Figure 3: MIMIC case study: Counterfactual prediction for an example sepsis patient under observational (magenta), fluid liberal
(green) vs. fluid conservative with 5L fluid cap (blue) counterfactual fluid regimes. Each plot shows 100 Monte Carlo simulations
in light colors, average in solid dark colors for the patient under the observational and two different CF strategies (starting t = 5).
Ground-truth observations from the initial 5 hours in the ICU in red. Predicted trajectory under observational regime in magenta.
Urine output also show cumulative values in dashed lines.
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Figure 4: MIMIC case study: Predicted probability of patient experiencing adverse outcomes associated with fluid overload within
72 hours of ICU admission under the observational, fluid liberal, and fluid conservative regimes.

Figure 4 displays the predicted probabilities of this patient developing various adverse clinical outcomes under the
observational, conservative and liberal fluid strategies respectively. We note that the patient is predicted to have a
higher probability of experiencing each of the adverse outcomes of interest associated with fluid overload under the
fluid liberal strategy compared to the conservative strategy. Nevertheless, one should use caution when interpreting
these results as measures of treatment effects, given the absence of uncertainty quantification. Instead, this example
serves to illustrate a potential clinical use case for our approach.

5 Discussion & Conclusion

In this paper, we present an application of G-Net, a deep learning implementation of g-computation, to estimate
clinical outcomes under counterfactual treatment strategies in a real-world cohort of sepsis patients. We assessed the
predictive abilities of G-Net on a hold-out test set under the observational regime and demonstrated that the model is
able to accurately simulate forward most covariates at testing time. When tested under varying length of treatment
history, G-Net maintains robust performance across our experimental settings.

When we applied G-Net to analyzing outcomes under various counterfactual treatment strategies, we found that G-Net
made counterfactual predictions that are aligned with clinical expectations. One limitation of this work is that, coun-
terfactual predictive density estimates in our experiments do not take into account uncertainty about model parameter
estimate. Specifically, given G-Net parameters, the distribution of the Monte Carlo simulations produced by G-Net
constitute an estimate of uncertainty about a counterfactual prediction. However, this estimate ignores uncertainty
about the G-Net parameter estimates themselves. One way to incorporate such model uncertainty would be to fit a
Bayesian model and, before each Monte Carlo trajectory simulation in g-computation, draw new network parameters
from their posterior distribution. These Monte Carlo draws would be from the posterior predictive distribution of the
counterfactual outcome. Bayesian deep learning can be prohibitively computationally intensive, but can be approxi-
mated through dropout [20]. An important area of future work for G-Net is adding support for quantification of model
uncertainty.

The findings presented in this study suggest promising potential for G-Net’s clinical utility in enhancing treatment
decision-making for sepsis patients in the ICU. While our primary focus centered on clinical applications, we ac-
knowledge that G-Net can be adapted for a variety of scenarios in which one would like to predict downstream effects
of alternative courses of action.
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